Three-dimensional woodpile photonic crystal structures were recorded in films of polymeric photoresists polymethylcrylate (PMMA) and SU-8 films by femtosecond laser microfabrication technique. The fabricated structures consist of periodic arrays of extended elliptical void-channels in PMMA, and of solid elliptical rods of cross-linked polymer in SU-8. Their lattice periods of several micrometers and typical sub-micrometric feature sizes allowed to confirm presence of pronounced photonic stop-bands at infrared wavelengths around 2.0-8.0 pm.
INTRODUCTION
Photonic crystals,' or materials that have periodically modulated dielectric constant and can open a photonic band gap (PBG), can provide new possibilities to control emission and propagation of light. Since PBG occurs at wavelengths comparable to the modulation period, photonic crystals with PBG at optical wavelengths must have dielectric lattices with sub-micrometric period, and contain features of even smaller size. With these requirements, fabrication of three-dimensional (3D) photonic crystal structures may prove to be too difficult, even by using mature and highly accurate semiconductor processing technologies. 2 Under these circumstances, cheaper and simpler strategies for high resolution 3D microstructuring of materials are highly demanded. Some of these strategies involve intermediate steps, during which so-called templates are fabricated using more feasible combinations of techniques and materials. The usually low refractive index contrast of the templates can be subsequently enhanced by infiltration by other materials having higher refractive index. An example of this approach is self-organized artificial 3D opal templates, obtained by sedimentation of microspheres from colloidal suspensions,3 and infiltrated by Si, InP, or other materials. 4 However, this technique is limited to opal-like structures and does not allow to include non-periodic defects into the structures easily.
Laser microfabrication is a simple technique which has the versatility required for the fabrication of 3D microstructures.5 A powerful laser beam, tuned into the optical transparency region is focused inside the material (Figure 1(a) ). The focusing, together with excitation by ultrashort pulses leads to high instantaneous power densities exceeding the multi-photon absorption (MPA) threshold in small region within the focal spot. The MPA can trigger permanent structural, chemical, or other photomodification. Periodic or non-periodic structures can be drawn by scanning the focal spot position along the pre-defined path. High resolution and possibility to record nearly arbitrary patterns makes laser microfabrication suitable for the fabrication of photonic crystal templates. So far best results have been achieved in liquid resins, where microstructures were generated via photoinduced solidification.6 However, resin-based structures often degrade structurally after fabrication due to their shrinkage and general susceptibility to various environmental Therefore use of more robust materials must be also considered.
In this work we investigate possibilities to use organic photoresists for these purposes. Most of the commercially available photoresists are intended for planar semiconductor processing. Therefore they are chemically and mechanically robust, which important for photonic crystal templates. We demonstrate laser microfabrication of 3D photonic crystals in two different types of polymeric photoresists. The first of them is polymethylacrylate (PMMA) where photomodification process is a laser-induced damage which destroys regions inside the bulk of the PMMA, leaving empty voids. By translating the sample, continuos void structures can be drawn (Figure 1 (b) ). The second material is positive photoresist SU-8, where which photomodification leaves latent regions resistant against the subsequent chemical development. The development removes unexposed SU-8, leaving solid frameworks of ecposed SU-8 ( Figure 1 (c) ). In both materials photonic crystal structures with so-called woodpile geometry8 (see Figure 1 (d) and explanations below) were recorded. The studies presented here demonstrate photonic crystal structures that have good quality and exhibit pronounced signatures of photonic stop-gaps at infrared wavelengths.
EXPERIMENTAL DETAILS, CONDITIONS AND SAMPLES
The woodpile geometry illustrated schematically in Figure 1 , or air cylinders a dielectric. In the first case, the woodpile structure is regarded as "direct" , and in the second case as "inverse".
Laser microfabrication setup consists of a Hurricane X (Spectra Physics) system, which emits 130 fs pulses with wavelength A = 800 nm at a variable repetition rate (1 Hz -1 kHz). The laser beam is fed into an inverted microscope (Olympus 1X71) housing exchangeable oil-immersion objective lenses with magnification factors and numerical apertures, x60, NA =1.4 and x40, NA =1.35. The diffraction-limited beam diameter at 1/e2 intensity level at the focus, d = 1.22k 720 nm. By adjusting the laser intensity, size of the photomodified region can be reduced beyond the diffractive limit. The sample is mounted on a feedback-controlled piezoelectric translator (PZT) (Physik Instrumente PZ48E). The scanning range of the stage is (50 x 50 x 50) sum. The samples were films (thickness 40 -100 tim) of PMMA or SU-8 deposited on the 0.2 mm thick slide cover glass. To prevent direct contact between the immersion oil and the fabricated films, the laser pulses were focused into the samples across the substrate. The fabrication was done by translating the stage along the rod lines in steps of Ll =20 -200nm (Figure 1(d) ), with exposure to N laser shots at each step. The step size was usually chosen small, such that substantial spatial overlap between the neighboring irradiated spots was ensured.
Inspection of the samples was performed by confocal laser scanning microscopy (LSM) and scanning electron microscopy (SEM). PMMA samples were examined using LSM (Zeiss, LSM-410) in reflection mode with argon ion laser 488 nm illumination through an oil immersion objective lens (Plan-Neofiuar x 100, NA =1.3, Zeiss). SU-8 samples were inspected using SEM (SE-4200, Hitachi). Linear transmission and absorption measurements at infrared wavelengths (2.0 -8.0 btm) were performed by a Fourier-Transform Infrared (FTIR) spectroscopy, using a Valor III (JASCO) FTIR spectrometer equipped with a microscope attachment Micro 20 (JASCO). 3. RESULTS AND DISCUSSION 3.1. Woodpile structures in PMMA Since PMMA is optically transparent down to the A = 190 nm wavelength, A = 800 nm laser radiation can induce ultrafast non-thermal dielectric breakdown via four-photon and higher order absorption. The recording is straightforward , i.e., it immediately produces woodpile structures without any post-processing steps. Recording using x40 NA=1.35 lens, with scanning steps of L\1 = 0.2 pm and irradiation by N = 10 -15 pulses of I = 10 -15 nJ intensity was found to produce best structures of the best quality. At these conditions void diameter in the x -y plane is about 0.6 pm, and along the z-axis is about 1.0 pm. The ellipsoidal cross-sections of the voids result from the ellipsoidal shape of the focal spot. The lateral void size is smaller that the laser wavelength due to the nonlinear character of the excitation. structure. Some insight into the deeper layers can be gained by focusing to about 5 tm depth. The resulting LSM image shown in Figure 2 (b) reveals voids belonging to various layers. Infrared transmission and reflection spectra of this sample measured along the z-axis direction are shown in Fig. 3(a) . The transmission (reflection) spectra exhibit pronounced spectral dips (peaks) at wavelengths of 4.0, 2.7, and 2.0 ,um, which are spectrally matched with each other. Such spectral matching manifests photonic stopbands, or spectral intervals forbidden to electromagnetic waves propagating along some particular directions in the structure. The refractive index of PMMA, n 1.6, is.insufficient for the formation of the PBG, but stop-gaps still can form. Remarkably, more than one stop-gap is present in the spectral range investigated. The multiple stop-gaps indicate high quality of the structures, because higher order (shorter wavelength) stop-gaps occuring between higher order photonic bands are more susceptible to the disorder. In addition, higher order stop-gaps open the possibilities to achieve the desired optical properties of photonic structures without the need to reduce the lattice parameters,9 and thus are potentially important for applications.
Another evidence of the photonic band dispersion can be obtained by examining the so-called Maxwell's scaling behavior.'0 According to the Maxwell's equations, characteristic frequencies of the photonic band structures (e.g. those of PBG or stop-gaps) scale inversely linearly with lattice parameters. Thus, scaling all lattice parameters down by the same factor should blue-shift the stop-gaps. Such behaviour was indeed observed, and is illustrated by the data in Figure 4 . Clearly, the wavelengths of the peaks become shorter when the lattice parameters decrease.
Woodpile structures in SU-8
SU-8 is an ultrathick negative photoresist widely used fabrication of micro-electro-mechanical systems (MEMS) due to its large aspect ratios and robustness. . SU-8 is transparent in the optical region down to the 400 nm wavelength. Hence, for the 800 nm radiation two-photon absorption (TPA) is required in order to induce permanent photomodification. The photomodification occurs as a photo-initiated cross-linking reaction, leading to polymer with rigid molecular structure. The exposed polymer becomes resistant to the subsequent chemical development. After the development direct SU-8 woodpiles can be obtained. Though refractive index of SU-8 ( n R 1.6) is also too low for the formation of PBG, pronounced photonic stop-gaps can be expected.
The recording in SU-8 was performed similarly as in PMMA. It was determined, that the exposed SU-8 volume elements (voxels) have ellipsoidal shapes. For the x60 'NA=1.4 objective, and single-shot exposure to In the middle plot, the reflectivity peak centred around 3.5 im appears as two distinct peaks due to the PMMA intrinsic absorption band , which splits the stop-gap at the middle. The data for SU-8 structures is shown in (b) 0.5 nJ pulses, diameters of the voxels in the x -y plane and along the z-axis are about 0.45 and 1.5 jim, respectively. Again, the lateral voxel diameter is somewhat smaller than the laser wavelength due to the multiphoton absorption. Figure 2 (c,d) shows SEM images of the woodpile structure in SU-8, recorded using x60 NA=1.4 objective and I = 0.55 nJ laser pulses with single-shot exposure at each step, step size /.l = 50 nm. The shape of the sample is a perfect parallelepiped. The individual elliptical rods comprising the woodpile have smooth surfaces, their cross-sectional diameters are about 0.5 jim and 1.3 jim. The elongation of the rods increases the overlap between the neighboring layers, forcing an increase in the distance /.z in order to avoid an unacceptably high dielectric filling fraction (tantamount to monolithic SU-8). For the given sample, lattice stretching in the z-axis direction is twice that of a face-centered cubic unit cell. Transmission and reflection spectra of the same sample are shown in Figure 3(b) . Spectrally matched transmission dips and reflection peaks can be seen at wavelengths A = 7.0 and 3.6 jim. Their shapes and relative amplitudes are reproduced well by the theoretical spectrum obtained from transfer-matrix calculations," shown in the same figure. The model structure used for the calculations consisted of rods with n = 1.6, and elliptical cross-sections with major and minor axes of 1.3 and 1.5 jim, respectively. Other parameters were chosen to match those of the real sample. Noticeable similarity between the two spectra speaks in support that photonic stop-bands are responsible for the experimental observations. 
CONCLUSIONS
We have demonstrated laser microfabrication of 3D woodpile structures in commercially available polymeric materials PMMA and SU-8. The flexibility of the method used allowed us to obtain large-scale periodic structures which proved to be mechanically stable and exhibited pronounced signatures of fundamental and higher order photonic stop-gaps at infrared wavelengths of 2.0 = 8.0 ,m. The shortest wavelength of a reliably detected stop-band, 2.0 m, is already fairly close to the optical communications spectral region 1.1 -1.6 tim. Further studies are needed in order to see whether or not in the future it may become possible to reach this spectral region, which is important for modern optoelectronics. Though the fabricated samples were not optimized for infiltration by any particular material, they are potentially applicable as templates for 3D photonic crystals.
